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ABSTRACT 

Meyer, W.S., Reicosky, D.C. and Schaefer, N.L., 1985. Errors in field measurement of 
leaf diffusive conductance associated with leaf temperature. Agric. For. Meterol., 
36: 55--64. 

The ability of leaf diffusive conductance (CL) measurements to discriminate between 
different treatments in field studies has generally been disappointing. Since values of 
C L are sensitive to leaf temperature and temperature gradients between the leaf and air, 
inaccurate temperature measurements will produce substantial errors. This work com- 
pared two methods of leaf temperature measurement from which values of C L were 
calculated and subsequently compared. 

Experiments using well-watered field- and glasshouse-grown cotton (Gossypium 
hirsutum L.) where diffusion porometer readings and leaf temperatures were measured 
indicated that the porometer thermistor reading differed markedly from leaf tem- 
perature as assessed with an infrared thermometer. Under high air vapor pressure 
deficit (AVPD) conditions (5.2 kPa), leaf temperature (T L) to ambient air temperature 
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(TA) differences were as large as --8 C. Porometer thermistor temperature was strongly 
influenced by T A and to a lesser extent by T L. Values of C L calculated from porometer 
measurements of T L can be up to 96% less than true C L values. This is the result of both 
incorrect T L measurement and a failure to account for the effects of the leaf to poro- 
meter-cup temperature differential. Until these two sources of error are addressed, 
values of C L obtained from diffusion porometer measurements in the field must be 
regarded as only qualitative. 

INTRODUCTION 

T h e  use  of  d i f f u s i o n  p o r o m e t e r s  as an aid to  assessing p l a n t  w a t e r  s t a tus  
has b e c o m e  a w i d e l y  a c c e p t e d  t e c h n i q u e .  T h e  ease a n d  r a p i d i t y  of  m e a s u r e -  
m e n t  t h a t  such  i n s t r u m e n t s  p r o v i d e  have  lead  to  the i r  use in  a w ide  r ange  
o f  e n v i r o n m e n t s .  In  m a n y  f ie ld  e x p e r i m e n t s  m e a s u r e m e n t s  have  b e e n  m a d e  
w i t h o u t  d u e  c o n s i d e r a t i o n  of  the  p r e c a u t i o n s  o u t l i n e d  by  M o r r o w  a n d  
S l a t y e r  ( 1 9 7 1 a ) ,  S lavik  ( 1 9 7 4 )  a n d  McCree  a n d  van  Bavel  ( 1 9 7 7 ) .  H o w e v e r ,  
de sp i t e  o b s e r v a n c e  of  m o s t  o f  t he se  p r e c a u t i o n s  t he  lack of  r e l a t i o n  b e t w e e n  
m e a s u r e d  va lues  of  l ea f  d i f fus ive  c o n d u c t a n c e  a n d  p l a n t  w a t e r  s t a tu s  (Meye r  

a n d  G r e e n ,  1 9 8 1 ;  S o j k a  a n d  Parsons ,  1 9 8 3 )  has b e e n  d i s a p p o i n t i n g .  O n e  
poss ib l e  r e a s o n  fo r  such  p o o r  r e l a t i o n s h i p s  is i n d i c a t e d  by  Walke r  a n d  
H a t f i e l d  ( 1 9 8 3 )  w h o  suggest  t he  a c t u a l  leaf  t e m p e r a t u r e  d i f f e r e d  f r o m  t h a t  
i n d i c a t e d  by  t he  p o r o m e t e r  t h e r m i s t o r .  Th i s  p a p e r  e x a m i n e s  the  e f f ec t  t h a t  
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incorrect leaf temperature  measurement can have on diffusive conductance. 
values calculated from porometer  readings taken in the field. Monteith and 
Bull (1970) and Gay (1983} have assessed theoretically the magnitud(~ o,: 
such errors. ()ur data, gathered over a wide range of conditions verify ~heir 
analyses. 

MATERIALS AND METHODS 

The porometer  used was a Licor LI-65 Autoporometer*  with a Ll 20S 
sensor cup. The cup has an aperture of 10 × 20 mm and was covered with 
highly reflective polyester  film to reduce the heating effects from incidem, 
radiant energy. The thermistor,  located on the sensor cup body, was 
calibrated in a temperature  controlled oil bath over the full range of tern 
peratures expected in the field (10--40°C). 

The poromete r  cul* was mounted  on the calibration plate as suppliect 
by the manufacturer.  :\ range of  known diffusive conductances were ob- 
tained by placing thin " 'conductance"  plates ( 0 . 65mm thick) with holes 
of known diameter over the " o p e n "  position of the calibration plate. Each 
conductance plate had eight equally spaced holes either of 1.0. 1,5, 2.0, 
2.5 or 3.0 mm diameter. The conductance plates conformed to the formula 
given by Slavik (1974, p. 308) which avoids the use of  unrealistically low 
conductance pathways, 

Calibration was carried out  over a range of temperatures in a controlled 
environment  cabinet with relative humidi ty  exceeding 70% as recommended 
by McCree and van Bavel (1977). The diffusive path length and conductance 
for each calibration plate configuration was calculated using two "end- 
correct ions"  to account  for  vapor diffusion through the holes in the 
conductance plates. This procedure yielded the calibration equation 

CL = ~/(--- 5.53 + (0.055 -- 0 .003T + 0 .00015T 2)At) t l t  

where CL is leaf diffusive conductance ( rams -~ ), T is the temperature  
(°C) calculated from the thermistor  reading, At is the time (s x 1 0 - 2  i.e. 
centiseconds, cs) taken for the humidi ty  sensor to respond between two 
set points and ~ is the diffusivity (mm 2 s-~) of  water vapor into air 
calculated from 

c~ = 22(1 + T/273.1)  l'Ts (2) 

The poromete r  sensor cup was normally stored in a sealed container 
of silica gel. Before measurements were taken the cup was at tached to 
the meter  and at least five wetting and drying cycles were performed 
(Morrow and Slatyer, 1971a). Measurements were made only on well- 

Use of  trade or firm names  is for reader in format ion  o n l y  and does  not  cons t i tu te  
e n d o r s e m e n t  by  CSIRO or U S D A - A R S  of  any  c o m m e r c i a l  p rod u c t  or service. 
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watered co t ton  (Gossypium hirsutum L. var. Deltapine 61) plants within 
six weeks following first flowering and which were grown either in the 
field or in large pots in the glasshouse. Leaves chosen for measurement  
were young, fully developed and fully exposed to the sun at the top  of  the 
canopy.  Porometer  readings were made on upper and lower leaf surfaces 
of the same leaf and diffusive conductance values so obtained were summed 
to give a total CL value for the leaf. The porometer  transit t ime reading 
(At) generally took  between 200 to 400 cs and was immediately followed 
by a reading from the thermistor  in contact  with the leaf surface. AparL 
from the reflective covering on the cup, no special precautions were taken 
to protect  the cup from direct radiant energy during measurement  although 
between measurement  runs the sensor cup was stored in the container 
with silica gel. 

An independent  estimate of leaf temperature  was made prior to the 
poromete r  measurement  with an infrared the rmomete r  (Everest Inter- 
science, Model 110) with a 3 ° field of view. The the rmomete r  was 
calibrated against a calibration source (Everest Interscience, Model 1000) 
with the emissivity set at 0.98. Fuchs and Tanner (1966) showed that  
infrared the rmomete r  and thermocouple  readings from single leaves agreed 
within 0.3°C with emissivity values measured between 0.96 and 0.97. The 
effect  of the higher emissivity value that  we used is to decrease apparent  
surface temperature  by up to 0.5°C. This discrepancy is close to the com- 
bined accuracy of any two sensors used to measure leaf temperatures  in 
the field. During measurement  of  leaf temperature  the infrared ther- 
momete r  was held at 90 ° to the natural leaf position and 150 to 200 mm 
away. Only the upper surface temperature  was taken and it was assumed 
for calculation purposes that  the lower surface had a similar value. 
Measurements were made on clear days except  for  four readings taken in 
the glasshouse during one day which was intermit tent ly  cloudy. All 
measurements were taken within two hours of  solar noon.  Concurrent  
readings from a Thesis aspirated psychrometer  for air vapor pressure 
deficit (AVPD) were made together  with solar radiant flux density (LI 
185 meter  with LI SR 190 sensor) at a position about  one metre above 
the plant canopy. A comparative set of  measurements were made on one 
day (13 April 1983) when a small area of  plants was completely shaded 
from direct radiant energy with heavy canvas. 

RESULTS AND DISCUSSION 

The relation between temperature  measured with the porometer  
thermistor  (TTH) in contact  with the leaf, and that  of the leaf as 
measured with the infrared the rmomete r  {Tin) and ambient  (T A ) tem- 
perature are shown in Fig. 1. Under the evaporative conditions of  these 
experiments,  temperatures  of  exposed leaves (estimated from Tin)  were 
greater than ambient  when TA ~ 27°C and were less than ambient  when 
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Fig.  1. C o m p a r i s o n  o f  t e m p e r a t u r e  m e a s u r e m e n t s  TA ,  T T H  and  T IR .  ( o )  E x p o s e d  leaves 
in the field; (o) shaded leaves in the field; (±) exposed leaves in the glasshouse (A) glass, 
house measurements during a period of cloudy conditions. 

TA ~ 27°C (Fig. la). Shading of  leaves in the field caused their temperature 
to be at or slightly below ambient  temperature.  

The thermistor-recorded leaf temperature was generally always above 
ambient  except  for the very high temperature values in the field (Fig. lb) .  
Reducing impinging radiant energy by shading, or as the result of  cloud 
cover, causes TT H to be similar to T A . A check of  the effect  of  the porom- 
eter measurement  on leaf temperature by measuring it with the infrared 
thermometer  before and after the sensor cup was at tached showed a non- 
significant difference o f - - 0 . 2 ° C .  This lack of  change in leaf temperature 
indicates that  shading and evaporative cooling accompanying the porometer  
measurement  offsets any heat transfer from the normally warmer porometer  
body  (Fig. lc) .  

If the temperature measured by the infrared thermometer  (Tin)  is taken 
as true leaf temperature (TL) then the porometer  thermistor registered 
a temperature close to TL when TA ~ 27°C in the field. When Tn is ~ 27°C 
vapor pressure deficits (AVPD, Table I) are generalIy high and thermistor 
readings are closer to T A than to TL. 

Thermistor temperature values measured in the glasshouse are generally 
well above both TA and T m except  for the cloudy period which caused 
TTH to be close to TA (Fig. lb) .  This cloudy period (essentially a shading 
effect) was still insufficient to c a u s e  TTH tO approach TIR.  Thus the 
elimination of impinging radiant energy reduced TTH by an average of  
4.9°C and TtR by 2.9°C, but  TTH was still overestimating TL by about  
6°C. 

The temperature measured by the porometer  thermistor is a com- 
posite of  effects from both T A and T L . Although the thermistor bead 
touches the leaf surface during measurement it may not  reflect actual 
leaf temperature since the  cup body itself has a large thermal mass. The 
temperature that  a leaf of  a well-watered plant attains is determined by 
the balance between the net radiant energy and the latent heat flux to 
the air (Kanemasu et al., 1969; Jackson, 1982). This latter component  
is largely determined by AVPD and stomatal conductance.  When AVPD is 
high, the temperature of  fully exposed leaves on well-watered plants 
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TABLE I 

Summary of observations made at the time of measurement of leaf diffusive conductance 

Date Field (F) or T A Radiant Mean Mean 
Glasshouse range flux AVPD T L -- T A 
(G) (°C) densit~ (kPa) (°C) 

( W m - )  

15 Nov. 82 G 34.4--36.4 730 4.0 --4.7 
18 Nov. 82 G 25.8--26.7 800 2.2 +1.4 
23 Nov. 82 G 32.5--33.6 820 3.0 --1.5 
18 Jan. 83 F 25.4--26.0 1075 2.3 + 1.2 
22 Jan. 83 F 37.0--37.5 1100 5.2 --8.1 
13 April 83 F sun 17.8--18.3 690 0.9 +4.9 

F shade 17.8--18.3 -- 0.9 --0.9 

(wi th  high s t o m a t a l  c o n d u c t a n c e )  can  be cons ide rab ly  be low amb ien t .  
Converse ly ,  low A V P D  cond i t ions  can resul t  in T L ~ TA (see Fig. l a ) .  
This  re la t ionsh ip  is c lear ly s h o w n  in Fig. 2 where  the  t e m p e r a t u r e  dif- 
fe rence  be tween  leaf  and air is s t rongly  re la ted  to  AVPD as has been  indi- 
ca ted  b y  J a c k s o n  (1982)  fo r  we l l -wate red  plants .  

When TL 5 ~= T A ,  it is a p p a r e n t  (Fig. l c )  t h a t  TTH does  no t  t ru ly  re f lec t  
the  t e m p e r a t u r e  o f  the  evapora t ing  surface ,  i.e. the  leaf. This  s i tua t ion  
leads to two  possible  errors  in the  e s t ima te  of  C L. First ,  if T m  ra the r  than  
TTH is used to  ca lcula te  CL, values of  CL increase (Fig. 3) indicat ing t ha t  
w h e n  T L ~ T A (usual ly  w h e n  T A ~ 27°C in the  field) an u n d e r e s t i m a t e  
of  CL results.  Fo r  example ,  da t a  f r o m  22 Jan.  1983 when  b o t h  a m b i e n t  
t e m p e r a t u r e  and  A V P D  were  very  high, shows tha t  m e a n  CL values using 
TTH u n d e r e s t i m a t e d  CL values using T~R by  an average of  36% f r o m  20 
c o m p a r a t i v e  readings.  

A second  e r ror  arises when  the re  is a t e m p e r a t u r e  d i f fe rence  be tween  
the  leaf  and  cup. The  ca l ib ra t ion  p r o c e d u r e  assumes  t h a t  the  evapora t ing  
sur face  and  the  p o r o m e t e r  cup  are at  the  same t e m p e r a t u r e  and  thus  t ha t  
w a t e r  v a p o r  di f fuses  a long a v a p o r  dens i ty  gradient  f r o m  the  sa tu ra ted  
evapora t ing  surface  in to  the  dr ier  p o r o m e t e r  cup.  The  ef fec ts  o f  a 
t e m p e r a t u r e  gradient  f r o m  the  evapora t ing  surface  to  the  cup  were  discussed 
b y  M o r r o w  and S la tye r  (1971b) .  The i r  analysis  was con f ined  to  the  s i tua t ion  
whe re  T L ~ T A , a s i tua t ion  m o s t  l ikely to  exis t  unde r  con t ro l l ed  environ-  
m e n t  cond i t i ons  and  mi ld  evapora t ive  cond i t i ons  (AVPD ~ 2.6 kPa,  Fig. 
2) in the  field. I f  the i r  analysis  is e x t e n d e d  to  e x a m i n e  the  case where  
T L ~ T A an e s t ima te  of  the  size of  the  e r ror  (Fig. 4) in the  ca lcu la ted  
value o f  Ca can be made .  T h e  curves in Fig. 4 were  genera ted  f r o m  eq. 3 
o f  M o r r o w  and  S la tye r  ( 1971b )  viz, 

! 

(% + rl)/At' = (Pl - -  Pp } (3) 
! (% + r'l')/At" (p'[-- pp) 
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di f ferent ia l  be tween  the leaf T L and the  p o r o m e t e r  cup Tp at d i f fe rent  values of  t rue 
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leaf diffusive c o n d u c t a n c e  C L. The analysis was made  assuming Tp = 30 C, RH of  the 
cup --- 20% and a cup diffusive c o n d u c t a n c e  o f  5 m m  s -1 . 

where r is resistance (s cm -1 ), t is transit time (s), p is water vapor concen- 
trat ion (gcm-3),  subscripts p and 1 refer to the porometer  and leaf re- 
spectively, and the superscript (') refers to a given leaf and porometer  
temperature while the superscript (") refers to the case when the leaf is at 
a temperature which is different from that  of  the porometer.  Thus rl is the 
"apparen t"  leaf diffusive resistance which is calculated assuming that  leaf 
and porometer  temperature are equal, i.e. T L -~ Tp while r~' is the " t rue"  
leaf diffusive resistance which accounts for the fact that  T L =/= Tp. 
Equation 3 was rearranged to give conductance rather than resistance 
values and Fig. 4 was then constructed. In addition, the following assump- 
tions {also used by Morrow and Slatyer (1971b)) were made: (1) porometer  
cup temperature,  Tp was 30°C; (2) timing of the change in cup humidi ty  
occurred over a narrow range with 20% relative humidi ty  as the mid point; 
(3) the cup configuration had a diffusive conductance of 5 mm s-J; and 
(4) the leaf was a saturated surface. 

Examination of Fig, 4 shows that  when leaves have a " t rue"  diffusive 
conductance (C t )  of  5 m m s  -1 the apparent conductance (C~) with TL 
- -Tp = - - 5 ° C  will be underestimated by 46%. This error becomes 
slightly less as the diffusive conductance becomes smaller. If assumption 
(1) above is changed such that  the porometer  cup temperature Tp increases 
from 20°C to 40°C, with TL - - T p  = - - 5 ° C  and C t = 5 mm s -1 , the under- 
estimate changes from 49% to 37%. By comparison, when Tp is at 30°C 
and T L - - T ,  changes from --5 to --10°C the underestimate changes from 
46% to 70%. This indicates that  the error is more sensitive to the 
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temperature differenc~e ! l j .  -- 7"p I than to the absolute value ~,I ~:, a~ci 

thus is more critical on well-watered plants where ( T  L ..... Tp ) can b~ ~ largt,. 
The analysis by Monteith and Bull (1970) also indicated that. Lh~ ~ error 

associated with a temperature  difference was greater than that associated 
with the absolute temperature.  For well-watered plants they ,:,~timat~:.d 
the error associated with the absolute temperature  to be about  10~z ~ C  
and for  a temperature  difference between leaf and cup to be about  
13% °C -~ . This compares with our estimates from field-measured values of 

4 t o 6 % ° C  -~ and 7 to 99i :C ' , respect ive ly .  
It should be noted that because of the location of the thermistor  on ti~e 

po romete r  cup TTH may not  necessarily equal Tp although it is closely 
related, as discussed previously. However, no independent  measures of  
Tp w e r e  made so, for the purposes of  this paper, it was assumed that  

Tp = TTr t .  
The above considerations show that when the diffusion porometer  is 

used in a situation where TL < TA estimates of  C ~ L so obtained will be 
in error  with the magntidue of  the error related to AVPD. If the effects 
of  inaccurately measuring leaf temperature  and having a leaf to cup tem- 
perature difference are additive then calculated values of C~ may be 96~; 
below C t for TI, -- T;, : . . . .  8°C and 32% below for TL -- Tp = --2°C.~ 

in the field situation where comparison is made between the CL values 
of well-watered plants and those from a drying t reatment  the errors will 
reduce the sensitivity of the measurement  to distinguish between the two 
t reatments  for the following reasons. With well-watered plants C t will be 
h i g h ,  T L is likely to be < TA when highly evaporative conditions exist and 
so ca L will be an underestimate.  For the drying t rea tment  C~ is likely to be 
smaller than for well-watered plants but TL may become > T A  Thus C~ 
for this t rea tment  will be an overestimate of C t L" 

The reduct ion in the range of  ca L caused by the effects of these errors 
helps to explain why measures of diffusive conductance  have been less 
discriminating than other  measures of plant water status (Meyer and Green, 
1981; Sojka and Parsons, 1983). Many other  authors (listed by Sojka and 
Parsons, 1983) have found disturbing levels of scatter in data collected with 
porometers  such as used here. 

Most authors who have discussed the theory  of  operat ion of  the diffusion 
poromete r  have ment ioned the need to have leaf and cup temperature  
the same. One suggested me thod  of achieving this (Morrow and Slatyer, 
1971b) is by shading both leaf and cup until both,  presumably, tend to 
approach TA. However in the field situation this condit ion is unrealistic 
and impractical to  achieve as shown by the shading results on 13 April 
1983 (Fig. 1). Shading did cause Tin  to approach T A but the response 
time was quite long (~  0 .5h)  and TTr t w a s  still greater than T L because 
the leaves were transpiring. Leaf temperature  would need to be assessed 
prior to cooling or heating the sensor cup to the same temperature.  The 
technique would thus no longer be viable in the field. 
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The  p r o b l e m  o f  incor rec t  leaf  t e m p e r a t u r e  m e a s u r e m e n t  can be over- 
c o m e  using an i n d e p e n d e n t  m e a s u r e m e n t ,  t h e r m a l l y  i so la ted  f r o m  the  
p o r o m e t e r  b o d y .  T h e  p r o b l e m  o f  leaf  t o  cup  t e m p e r a t u r e  d i f fe ren t ia l  is 
less a m e n a b l e  to  solut ion.  Recen t ly ,  G a y  (1983)  has deve loped  an analysis  
t o  co r r ec t  t rans i t  t imes  for  s i tua t ions  where  the re  is a t e m p e r a t u r e  
d i f fe ren t ia l  b e t w e e n  leaf  and p o r o m e t e r .  He also d e m o n s t r a t e s  the  serious- 
ness o f  the  er rors  involved  if the  t e m p e r a t u r e  d i f fe rent ia l  is lef t  u n a c c o u n t e d .  
F u r t h e r  w o r k  is needed  to  assess his a p p r o a c h  unde r  field condi t ions .  How-  
ever, unti l  this or  some  o the r  m e t h o d  is shown  to  a c c o u n t  fo r  the  errors ,  
values of  CL o b t a i n e d  f r o m  the p o r o m e t e r  used here  m u s t  be regarded  as 
qual i ta t ive  only.  

LIST OF SYMBOLS 

AVPD Air  v a p o r  pressure  def ic i t  (kPa)  
CL Lea f  di f fus ive  c o n d u c t a n c e  ( m m  s - '  ) 
ca  L A p p a r e n t  leaf  d i f fus ive  c o n d u c t a n c e  
C t T rue  leaf  d i f fus ive  c o n d u c t a n c e  
TA A m b i e n t  t e m p e r a t u r e  (° C) 
T m  L e a f  t e m p e r a t u r e  m e a s u r e d  wi th  an in f ra red  t h e r m o m e t e r  
TL True  leaf  t e m p e r a t u r e .  A s s u m e d  T L -- T1R 
Tp P o r o m e t e r  cup  t e m p e r a t u r e .  A s s u m e d  Tp = TTH 
TTH T e m p e r a t u r e  m e a s u r e d  wi th  the  p o r o m e t e r  t h e r m i s t o r  
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